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摘要 
随着生物技术的快速发展，对快速获取重组蛋白的需求日益增加，如何获得
高效的蛋白表达系统变得越来越关键。蛋白表达系统是基因工程技术的核心，通
常指的是利用模式生物，如细菌、酵母等微生物细胞或者动植物细胞作为表达宿
主表达外源蛋白的生物学系统。其中以大肠杆菌作为宿主的大肠杆菌表达系统由
于其细胞繁殖速度快、产量高、价格便宜、表达量高、抗污染能力强、遗传背景
明确等优点而被广泛应用，同时大肠杆菌表达系统也是最早被研究并且被成熟应
用的蛋白表达系统。尽管如此，该系统在实际应用时仍然会受到各种因素的影响，
使其表达效率难以达到最高水平。 
大肠杆菌表达系统的表达效率受到多种因素的影响，例如温度、培养基、pH
值、含氧量、外源基因本身特性（如碱基 A+T 组成、密码子选择、mRNA 5’非编
码区等）、大肠杆菌表达系统自身所具有的特性（如载体的选择、宿主菌的选择）、
外源基因与大肠杆菌表达系统之间的互作关系（如表达基因的调控、宿主菌对质
粒拷贝数及稳定性的影响等）等。研究表明，在 37℃是大肠杆菌的最适生长温
度，在此温度下，菌体代谢旺盛，外源蛋白表达速率也较快，但是却极易形成包
涵体，且菌体自溶加剧，质粒稳定性减低，目的蛋白的产量和质量都因此受到影
响。目前在产出阶段使用降低温度的方法防止过快的折叠速率产生错误的蛋白中
间体，形成不可溶的包涵体结构，同时在较低温度下，乙酸以及其他的抑制外源
蛋白表达的副产物也会减少。但是，过低的温度也会导致其营养物质摄入和生长
速率的降低。因此，如何使大肠杆菌系统在高速生长时还能高效表达外源蛋白，
需要对其中的温控机制进行更深入的研究。 
本实验室在表达外源蛋白 hpv16L1 时发现，在 24℃时 hpv16L1 蛋白能够形
成可溶性表达，但表达量较低；而在 37℃诱导时虽然能够得到大量的外源蛋白，
但大部分为包涵体形式。因此本研究试图利用转录组测序（RNA-Seq）方法，分
析工程菌大肠杆菌 C2566 在不同温度诱导外源基因表达时的转录组差异，寻找
显著差异表达的基因并分析其相关的生物学功能。通过探究温度对该大肠杆菌表
达系统转录组的影响，从转录组调控层面研究影响蛋白可溶性表达的因素及其机
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘要 
II 
 
制。 
本文研究结果表明在 24℃时，大肠杆菌表达系统转录组的整体表达量更为
丰富，其中高表达基因大多与蛋白的翻译、核糖体组装相关，其他还包括涉及甘
氨酸代谢过程和氢离子跨膜运输的基因。当温度从 24℃提高到 37℃时，运动相
关通路和含硫氨基酸相关的代谢通路的基因出现大量下调，其中后者的表达差异
很可能是大肠杆菌表达系统必须低温诱导的关键。本文从转录组调控的角度，研
究了温度对大肠杆菌外源蛋白可溶性表达的影响，为进一步改造和提升大肠杆菌
表达系统提供了新的方法和研究思路。 
 
关键词：RNA-Seq；可溶性表达；C2566 
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Abstract 
With the rapid development of biotechnology, the need for rapid access to 
recombinant proteins is increasing, and how to obtain efficient protein expression 
systems is becoming increasingly critical. Protein expression system is the core of 
genetic engineering technology, usually refers to the use of model organisms, such as 
bacterial cells, yeast cells, animal cells, plant cells as expression of the host expression 
of foreign biological system. Escherichia coli expression system with Escherichia coli 
as the host is widely used because of its rapid cell proliferation, high yield, low price, 
high expression capacity, strong anti-pollution ability and clear genetic background. At 
the same time, the expression system of E. coli is the earliest Studied and the most 
mature protein expression system. Nevertheless, the system will still be affected by 
various factors in practical application, so that the expression efficiency is difficult to 
reach the highest level. 
The expression efficiency of Escherichia coli expression system is affected by a 
variety of factors such as temperature, medium, pH, oxygen content, the characteristics 
of the foreign gene itself (such as foreign gene A + T composition, exogenous gene 
codon selection, (Such as the selection of the vector, the choice of host bacteria), the 
interaction between the foreign gene and the system (such as the regulation of the 
expression gene, the copy number and the stability of the host bacteria to the plasmid, 
etc.) and so on. Studies have shown that the optimum growth temperature of 
Escherichia coli was at 37℃. At this temperature, the cell metabolism was strong and 
the expression rate of exogenous protein was faster, but it was very easy to form 
inclusion body.  And the cell autolysis intensifies, the stability of the plasmid is 
reduced,  the yield and quality of the target protein are affected. At present, the use of 
low temperature in the production stage can prevent excessive folding rate to produce 
the wrong protein intermediates that leads to the formation of insoluble inclusion body 
structure, and at lower temperatures, acetic acid and other inhibition of exogenous 
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protein expression byproducts will also be reduced. However, too low temperatures can 
lead to a decrease in nutrient intake and growth rates. Therefore, how to make the E. 
coli system in high-speed growth with efficiently expressing foreign protein, more in-
depth study is need for the temperature control mechanism   
In the expression of exogenous protein hpv16L1 (human papillomavirus type 16 
L1), we found that hpv16L1 protein could form soluble expression at 24℃, but the 
expression level was low. At 37℃, the expression of hpv16L1 protein was low, but it 
was almost in the form of inclusion body. Therefore, this study attempts to use 
transcriptome sequencing (RNA-Seq) method to analyze the difference of transcripts 
of engineering bacteria C2566 induced by different genes at different temperatures, to 
find the genes that were significantly differentially expressed and to analyze their 
related biological functions. The factors influencing the protein soluble expression and 
its mechanism were studied from the level of transcriptional regulation by investigating 
the impact of temperature on the transcriptome of Escherichia coli expression system. 
The results of this study show that the expression level of the transcriptome of 
Escherichia coli expression system is more abundant at 24℃, and most of the high 
expression genes are related to protein translation and ribosome assembly. Others 
include glycine metabolism and hydrogen ion transmembrane transport. When the 
temperature increased from 24℃ to 37℃, genes included the motor-related pathways 
and sulfur-containing amino acid-related metabolic pathways were significantly down-
regulated, and the latter differences were probably the key to the low-temperature 
induction of E. coli expression system. In this paper, the effect of temperature on the 
soluble expression of exogenous protein of Escherichia coli was studied from the 
perspective of transcriptome regulation, which provided a new research ideas and 
methods for further transformation and promotion of Escherichia coli expression 
system. 
 
Keyword: RNA-Seq; Soluble expression; C2566
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缩略词 
缩写 英文全称 中文名称 
ATP adenosine triphosphate 三磷酸腺苷 
bp Base pair 碱基对 
℃  Degree celsius  摄氏度  
cDNA complementary DNA 互补 DNA 
CDR Complementarity Determining Region 抗原互补决定区 
d  Days  天  
ddH2O double distilled water 双蒸水 
ddNTP Dideoxynucleotide 双脱氧核苷三磷酸 
DNA Deoxyribonucleic Acid 脱氧核糖核酸 
dNTP deoxy-ribonucleoside triphosphate 脱氧核糖核苷三磷酸 
FPKM Fragments Per Kilobase of transcript  
per Million mapped reads 
每百万碱基中每千碱基中所含片断数
FRET fluorescence resonance energy transfer 荧光共振能量转移 
GO gene ontology 基因本体 
h  Hour  小时  
HPLC High Performance Liquid Chromatography 高效液相色谱 
HPV Human Papillomavirus 人乳头瘤状病毒 
HPV Human Papillomavirus 人乳头瘤状病毒 
IPTG Isopropyl β-D-Thiogalactoside 异丙基-β-D-硫代吡喃半乳糖苷 
KEGG Kyoto Encyclopedia of Genes and Genomes 京都基因與基因组百科全書 
min  Minute  分钟  
miRNA microRNA 小分子核糖核酸 
mL Millilitre 毫升 
ncRNA non-coding RNA 非編碼核糖核酸 
NGS Next-Generation Sequencing 下一代测序 
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PBS Phosphate Buffered Saline 磷酸盐缓冲液 
PCR Polymerase Chain Reaction 聚合酶链式反应 
PDB Protein Data Bank 蛋白质数据库 
PH hydrogen ion concentration 氢离子浓度指数 
RNA Ribonucleic acid 核糖核酸 
RNase Ribonuclease 核糖核酸酶 
RNA-Seq RNA Sequencing RNA 测序 
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第一章 前言 
1 大肠杆菌表达系统概述 
1.1 外源基因在大肠杆菌表达系统表达的优劣势 
通过微生物表达系统来生产重组蛋白已经对生物化学领域产生了革命性的
影响。根据宿主不同，现有微生物表达系统包括细菌、酵母、丝状真菌、单细胞
藻类表达系统。所有的这些表达系统都具有各自的强项和弱项[1]。 
大肠杆菌表达系统是最为普遍使用的外源基因表达系统，具有一系列的优点：
（1）极其快速的生长繁殖能力，在葡萄糖培养基中给予适宜的培养条件，只需
20 分钟就能达到一倍的繁殖量[2]；（2） 能够达到极高的培养密度， 理论上大肠
杆菌液体培养基能够达到约 1×1013 个菌体每毫升[3]；（3）具有清晰的遗传背景；
（4）快速简单的外源 DNA 转染能力；（5）外源蛋白的高效表达。因此通用大肠
杆菌表达系统来表达重组蛋白常常成为研究人员的首选。大肠杆菌表达系统在表
达原核蛋白的时候通常都能得到可溶性的天然构象蛋白。对一些并不需要翻译后
修饰的真核蛋白通过大肠杆菌表达系统往往也能达到较好的表达效果[4]。 
虽然大肠杆菌表达系统具有以上一系列优点，但是其作为原核表达系统也存
在一定局限性：（1）大肠杆菌由于不存在翻译后修饰功能，不能对需要翻译后修
饰的真核蛋白进行很好的表达，例如特定位点的糖基化和磷酸化，因此对于需要
翻译后修饰的真核蛋白在表达的过程无法形成天然结构，不具备生物学活性；（2）
对于结构复杂的蛋白，该系统也常常由于无法正常的折叠形成不可溶包涵体。（3）
大肠杆菌属于原核生物没有内含子，因此也不存在可变剪接相关系统。对于需要
进行转录后剪接的真核基因往往无法形成成熟的 mRNA[5]。（4）大肠杆菌缺少对
外源蛋白的分泌功能，过表达的外源蛋白常形成不溶性包涵体的形式[6]。 
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